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ABSTRACT: Westward-propagating Caribbean Current eddies modify the volume-integrated po-

tential vorticity (PV) balance in the western Caribbean Sea, influencing the circulation of the

Panamá-Colombia Gyre (PCG) and of coastal currents hundreds of kilometers to the south of the

eddies’ mean trajectory. Using 22 years of output from the Hybrid Coordinate Ocean Model, we

apply a volume-integrated eddy phase-averaged 1.5 layer PV balance, showing that PV fluxes into

the PCG region are balanced by frictional PV dissipation represented by linear drag along the

coastline. Coastal currents in the PCG region vary by a factor of two in phase with the passage of

a Caribbean Current eddy over the 116 day average eddy period. Flow separation at the Isthmus

of Panamá results in a vortex shed from Darien Gulf, which slows the coastal currents in the

gyre region from their maximum during eddy events. An annual ensemble average PV balance in

the gyre region shows that the mean PV influx to this region is higher from August to October.

Correspondingly, the range of coastal currents in the gyre region over an eddy event is modestly

influenced by the PV influx magnitude. Eddy influenced reversals in the coastal current can occur

between November and July at Bocas del Toro and year-round at Colón. Such coastal current

reversals are important for alonghshore transport of larvae, freshwater, and chemical tracers.
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1. Introduction

Anti-cyclonic eddies are a dominant feature of the Caribbean Current as it passes through the

northwest Caribbean Sea. In this work, we will show that such eddies significantly influence flow

features in the southwest Caribbean Sea, namely, the Panamá-Colombia Gyre and the Caribbean

Coastal Countercurrent. This remotely forced influence is an important mechanism for coastal

current variability along the Caribbean south coast from Costa Rica to Colombia.

We refer to three types of rotational flow structures in this work, and we use different nomenclature

to refer to each structure. Caribbean Current eddies, anticyclonic features that propagate westward

across the northern Caribbean Sea, will be referred to as “eddies” where their full name is not used.

The Panamá-Colombia Gyre, a cyclonic stationary feature in the southwestern Caribbean Sea, will

be referred to as either the “PCG” or the “gyre”. The anticyclonic circulation that occasionally

forms in the Darien Gulf will be referred to as a “vortex”.

Caribbean Current eddies propagate westward across the Caribbean Sea, advected by the Cur-

rent’s mean westward geostrophic flow (Andrade and Barton 2000; Centurioni and Niiler 2003;

Richardson 2005). Some Caribbean Current eddies propagate into the Caribbean Sea as perturba-

tions in the North Brazil Current (Huang et al. 2021), but many are locally generated via baroclinic

instability mechanisms in the western Caribbean Sea, defined for this study as west of 73◦ W, as

shown in Figure 1 (Andrade and Barton 2000; Jouanno et al. 2008, 2009; Lin et al. 2012; Orfila

et al. 2021). The eddies take a few months to propagate across the basin, moving at speeds of

0.1 to 0.3 m/s (Andrade and Barton 2000; Jouanno et al. 2009), and have periods of roughly 120

days, the time scale on which a new eddy is either generated locally or propagates into the basin.

This time scale is similar to a basin-wide oscillation mode (Lin et al. 2012; Hughes et al. 2016),

although it is unknown if these mechanisms are connected.

The Caribbean Current eddies described above perturb the location and magnitude of maximum

flow in the Caribbean Current. On average, the Caribbean Current propagates along the basin’s

northern side, passing north of the Central American Rise, where a shallow shelf extends far

offshore of the coastline of Honduras and Costa Rica (Figure 1). As Caribbean Current eddies

propagate westward across the Caribbean Sea basin, they shift the Caribbean Current maximum

flow southwards, forcing the current to interact with the Central American Rise (Centurioni and

Niiler 2003; Richardson 2005; Jouanno et al. 2008). This bathymetric interaction causes the eddies
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southern arm of the Panamá-Colombia Gyre (PCG), a cyclonic recirculation feature in the southwest

Caribbean Sea (Mooers and Maul 1998; Andrade et al. 2003). The current is characterized by

average velocities of ∼ 0.1− 0.3 m/s (Andrade et al. 2003; Correa-Ramirez et al. 2020). On the

coast of Panamá, the CCC is maximum at the surface and occupies the upper 100m of the water

column, while off La Guajira Peninsula, the current is maximum at depths of ∼ 200m. The CCC

is a product of the Caribbean basin scale Sverdrup balance (Andrade et al. 2003), as such, it

varies with the winds, intensifying during the upwelling season at La Guajira (Andrade et al. 2003;

Correa-Ramirez et al. 2020). The CCC has been found to modify the source waters of the La

Guajira Peninsula upwelling zone (Correa-Ramirez et al. 2020; Orfila et al. 2021), an ecologically

unique region (Vasquez-Carrillo and Sullivan Sealey 2021).

Paired with the CCC are somewhat persistent westward flows between 10-14◦ N, forming the

PCG’s northern arm (Andrade et al. 2003; Lin et al. 2012; Correa-Ramirez et al. 2020; Orfila

et al. 2021). We refer to these westward flows as only somewhat persistent because they exhibit

variability in their zonal extent. The PCG’s northern arm occasionally spans the entire width

of the southwest Caribbean Basin; this is associated with strong flow in the CCC. This northern

arm can be formed when the Caribbean Current is perturbed to the south by eddies (Lin et al.

2012). Notably, the PCG’s northern arm often spans a shorter distance than the entire width of the

southwest Caribbean Basin; it frequently only spans the northern boundary of Mosquito Gulf. In

such cases, the circulation north of the Isthmus of Panamá and in the Darien Gulf is more complex,

resulting in four previously observed PCG “modes”: (A) a single cyclonic recirculation spanning

the Mosquito and Darien Gulfs, (B) a single anti-cyclonic recirculation in the Darien Gulf, (C) two

separate cyclonic recirculations, one each in the Mosquito and Darien Gulfs, or (D) an anti-cyclonic

recirculation north of the Isthmus of Panamá paired with cyclonic recirculations in the Mosquito

and Darien Gulfs (Andrade et al. 2003; Centurioni and Niiler 2003; Richardson 2005; Jouanno

et al. 2008; Lin et al. 2012; Jouanno et al. 2012; Correa-Ramirez et al. 2020; Orfila et al. 2021).

Mode (A) above corresponds to one single coherent recirculation spanning the entire southwest

Caribbean, as shown by the orange arrows on Figure 1, while mode (B) corresponds to smaller

area of circulation. Mode (C) accounts for two coherent vortices in the southwest Caribbean (one

each in Mosquito Gulf and Darien Gulf), while mode (D) has three, adding a vortex north of the

Isthmus of Panamá (this is the yellow vortex on Figure 1). Mode (A) has most frequently been
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observed between July and October, while modes (B)-(D) are observed with equal frequency in

the other months. This seasonal variability in mode (A) has been shown to be associated with

seasonal variability in the Caribbean Low-Level Jet winds (Jouanno et al. 2012; Correa-Ramirez

et al. 2020; Orfila et al. 2021). Variability on the shorter than seasonal time scales associated with

Caribbean Current eddies has also been observed to be an important driver of variability in the

PCG/CCC system (Jouanno et al. 2008; Lin et al. 2012).

Coherent, meso- to large-scale eddies have been shown to be important mechanisms for transport

of heat, salt, energy, and momentum from western boundary currents to the coast. For example,

Kuroshio eddies generate mass and salt fluxes in the South China Sea, thereby causing exchange of

volume and salt (Yang et al. 2019). On the United States’ southeastern coast, Gulf Stream eddies

are associated with transport of nutrient rich water onto the shelf, and are therefore important

for ecosystem productivity (Lee and Atkinson 1983; Yoder et al. 1981; Gaube and McGillicuddy

2017). Closer to the Caribbean Sea, frequent eddy shedding in the Gulf of Mexico Loop Current

can modify the Gulf’s salinity structure, and cause transport of freshwater through the Florida

Straits (Schiller and Kourafalou 2014; Brokaw et al. 2019).

Coastal current variability, and particularly coastal current reversals, can be important to smaller

scale processes and ecosystem dynamics (Brooks and Townsend 1989; Lee and Williams 1999;

Siedlecki et al. 2015; Doblin and van Sebille 2016). Coastal currents have been shown to be

important drivers of ecosystem connectivity (Roughan et al. 2011; Cowen et al. 2006). The

direction and strength of coastal currents can also change nearshore water properties through

upwelling or downwelling dynamics (Stone et al. 2018; Hickey et al. 2006). Coastal currents also

interact with river plumes, influencing the transport pathways of terrestrial material and freshwater

(Hickey et al. 2005; Horner-Devine et al. 2015).

Caribbean Current eddies are important sources of variability for alongshore currents on the

coasts of Panamá, Costa Rica, and Colombia, 500 km south of the Caribbean Current’s main

branch. Previous studies have described this relationship by characterizing modes of variability

(Jouanno et al. 2012; Lin et al. 2012) and resonance (Hughes et al. 2016) as described above. Here,

we will use a dynamical approach in the form of a regional volume-integrated potential vorticity

budget calculated with output from the Hybrid Coordinate Ocean Model, and phase-average to

extract the eddy signal (section 2). We show that the PCG has a phase-dependent response to
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Caribbean Current eddy passages, and that eddy phase-averaged vorticity fluxes are balanced by

frictional vorticity spindown at the coastal boundary, which has implications for coastal current

variability (section 3). We then discuss the timing and strength of Caribbean Current eddies relative

to the annual cycles observed in previous work, and interpret the annual cycle to determine the

periods when coastal currents are most likely to reverse (section 4).

2. Methods

a. HYCOM

We use output from the Hybrid Coordinate Ocean Model (HYCOM) Global Ocean Forecasting

System (GOFS) 3.1 reanalysis product, GLBv0.08-53.X, run by the Naval Research Laboratory’s

Ocean Dynamics and Prediction Branch. This product contains 3 hourly global reanalysis output

on a 1/12 degree resolution grid at 41 vertical levels (see the data availability statement for a link

to the download portal) (Chassignet et al. 2007). Model output is available from 1994-2015. Two

versions of the National Centers for Environmental Prediction (NCEP) Climate Forecast System

Reanalysis (CFSR) are used for surface forcing; version 1 is used from 1994-2010, version 2 is

used from 2011 onward (Saha et al. 2010, 2014). Data assimilation for this reanalysis uses the

Navy Coupled Ocean Data Assimilation (NCODA) system; this system makes use of satellite

altimetry and temperature measurements as well as in situ temperature and salinity measurements

such as expendable bathythermographs (XBTs) and Argo floats (Cummings 2005; Cummings and

Smedstad 2013).

HYCOM products are commonly used in studies of meso- and larger scale processes (Wilson and

Riser 2016; Putman et al. 2018; Orfila et al. 2021). Our region of interest for this study spans from

8-18.5◦N and 71-84◦W. Our analysis uses a 1.5 layer model with an active surface layer (Section

2b); HYCOM’s vertical resolution is variable, with 2m resolution near the surface increasing to

50m resolution by 350m depth.

b. 1.5 layer model approximation

The processes described in Section 1 all occur in the surface layer of the Caribbean Sea; in

order to represent them simply, we define a 1.5 layer model that includes an active surface layer

overlying a higher density, inactive lower layer (Yang and Price 2000; Pratt et al. 2019). We define
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the surface layer as the depth at which 𝜌 = 1026.36 kg/m3. This density cutoff was determined by

first taking the spatial average density and kinetic energy at all HYCOM depth bins within the PCG

region shown on Figure 1. Here we define the kinetic energy as 𝐾𝐸 = 1
2 (𝑢

2 + 𝑣2), where 𝑢 is the

zonal and 𝑣 is the meridional velocity. We then find the e-folding depth of 𝐾𝐸 (∼ 125 m) and the

associated density. This choice of isopycnal therefore represents the relevant surface layer for the

processes outlined in section 1. Performing the same analysis in the main trunk of the Caribbean

Current (between 76-81 ◦W and 14-17.5 ◦N) yields a larger e-folding depth (∼ 175 m), but a

similar isopycnal (𝜌 = 1026.36 kg/m3). Using the kinetic energy at one standard deviation higher

and lower than the mean in both regions (PCG and Caribbean Current) yields a range of densities

for the gyre (1026.16 < 𝜌 < 1026.43 kg/m3) and the Caribbean Current (1026.21 < 𝜌 < 1026.86

kg/m3). The similarity between regions of the isopycnals associated with the e-folding depths from

the mean kinetic energy indicates that this choice of isopycnal is a reasonable determination of the

surface layer throughout the western Caribbean Sea.

We calculate the surface layer depth, 𝐻, and depth averages of zonal and meridional velocity

using the 1026.36 kg/m3 isopycnal boundary for the domain shown in Figure 1 over the 22 year

record of GLBv0.08-53.X output. We use vertical linear interpolation to approximate layer depths

and layer average velocities on a finer vertical resolution than HYCOM’s grid spacing (at least

25m below 100m depth). We then apply a low pass filter to the layer depth, layer-averaged

velocity, layer-averaged density, and sea surface height using a filter window of the maximum

inertial period in the domain shown on Figure 1, 𝑇𝑖 ≈ 86 hrs. This filtering window smooths over

inertial oscillations and the HYCOM data assimilation time scale (1 day) for the entire domain.

All calculations presented in the rest of this work use these low-pass filtered quantities.

c. Vorticity calculations

We calculate potential vorticity (PV) in the active surface layer defined in Section 2b as

𝑄 =
𝜁 + 𝑓
𝐻

, (1)

where the local vorticity 𝜁 = 𝜕𝑣
𝜕𝑥

− 𝜕𝑢
𝜕𝑦

is defined using surface layer average velocity components;

𝑢 and 𝑣, in the zonal direction, 𝑥, and the meridional direction, 𝑦, respectively. In equation 1, 𝑓

is the local Coriolis parameter, which varies from 2.02× 10−5 s−1 at 8.5◦N to 4.62× 10−5 s−1 at
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18.5◦N (we do not use a 𝛽-plane approximation), and 𝐻 is the surface layer depth calculated in

Section 2b (Vallis 2006).

PV is a conserved quantity; changes in 𝑄 along a streamline can only be caused by external PV

fluxes such that
𝐷𝑄

𝐷𝑡
= F −D, (2)

where 𝐷/𝐷𝑡 indicates the material derivative, F indicates all external sources of PV, and D
indicates all external sinks of PV (Rhines 1986). Here, we assume that F is equivalent to the wind

stress curl, and that D is equivalent to the frictional dissipation of PV. Integrating equation 2 over

the PCG region control volume defined by the orange lines on Figure 1, assuming that the stress on

the ocean surface is only due to the wind, and assuming that stress on the control volume’s bottom

is only due to linear drag yields the volume-integrated potential vorticity (PV) balance,∬
𝜕𝑄𝐻

𝜕𝑡
𝑑𝐴︸         ︷︷         ︸

PV storage

+
∫

open bound.

𝑄𝐻 ®𝑢 · 𝑛̂𝑑𝑠

︸                   ︷︷                   ︸
Net PV flux

=

∬
1
𝜌𝐻

(𝜕𝜏𝑦
𝜕𝑥

− 𝜕𝜏𝑥
𝜕𝑦

)
𝑑𝐴︸                        ︷︷                        ︸

wind stress curl

−
∬

𝑟𝜁𝑑𝐴︸     ︷︷     ︸
linear friction

, (3)

where 𝑑𝐴 = 𝑑𝑥𝑑𝑦 indicates an integral over the control volume plan-form area, 𝑑𝑥 and 𝑑𝑦

indicate integrals taken in the zonal and meridional directions, 𝜌 is the laterally variable surface

layer averaged density, 𝜏𝑥 and 𝜏𝑦 are the zonal and meridional wind stress components respectively,

and 𝑟 is a linear coefficient of friction. For the remainder of the manuscript, we consider the volume-

integrated PV balance and its associated flux terms. For the sake of brevity, we will describe these

simply as the “PV balance” and its associated “PV fluxes”. Advective PV flux through the bottom

of the control volume is zero: the bottom surface is an isopycnal and is therefore impermeable to

such fluxes (Bretherton and Schär 1993; Marshall 2000). Thermodynamic PV fluxes due to surface

heating and diapycnal turbulent mixing through the bottom isopycnal (Haynes and McIntyre 1987;

Marshall 2000) are found to be orders of magnitude smaller than the horizontal advective fluxes in

a scaling analysis (not shown) and are therefore omitted from consideration in equation 2. Each of

the four terms in equation 3 are discussed in more detail below.

The change of surface layer PV in time within the volume, or PV storage, is calculated as shown

in the first term on the left hand side of equation 3. This formulation allows both 𝑄 and 𝐻 to vary

in time. We can estimate the PV flux into a volume in the zonal and meridional directions as the
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second term in equation 3, where 𝑑𝑠 indicates that the integral is taken along the open boundaries

of the control volume. In the active surface layer average framework for the open boundaries of

the control volume shown in dashed orange on Figure 1,∫
open bound.

𝑄𝐻 ®𝑢 · 𝑛̂𝑑𝑠

︸                   ︷︷                   ︸
Net PV flux

=

∫
E. boundary

𝑄𝐻𝑢𝑑𝑦

︸               ︷︷               ︸
zonal flux

+
∫

N. boundary

𝑄𝐻𝑣𝑑𝑥

︸               ︷︷               ︸
meridional flux

, (4)

where “E. boundary” and “N. boundary” indicate the control volume eastern and northern

boundaries, respectively, through which the advective flux terms act (see Figure 1).

The influence of wind on vorticity is quantified using the HYCOM’s NCEP CSFR forcing (or

CSFv2, depending on the year, as described in section 2a). The CFSR wind stress product is

low-pass filtered at the same cutoff as the HYCOM output and interpolated onto the 1/12 degree

resolution HYCOM grid. The vertical wind stress curl is calculated as the integral over the control

volume’s ocean surface face as in the first term on the right hand side of equation 3 (Vallis 2006).

We use Stokes’ Theorem to transform the bottom stress area integral in equation 3 to a line integral

around the outside of the control volume. Additionally, we assume that the linear coefficient of

friction, 𝑟, is well represented by one constant, 𝑟𝑐, along the coast (solid orange line on Figure 1)

and another constant, 𝑟𝑜, along the domain’s open boundaries (dashed orange line on Figure 1).

Out approach does not explicitly account for horizontal turbulent transport processes, and so we

expect that some influence of lateral drag will be captured by this analysis. This methodology is

similar to that used by Yang and Price (2000) and Chang and Oey (2011), but adapted for an active

surface layer rather than a bottom layer. Along the coast, the frictional PV dissipation is taken to

be due to the bottom stress because the surface layer of interest intersects the bed, while along the

open boundaries, frictional PV dissipation is due to interfacial stress between the surface layer and

the water below it (although we again note the influence of lateral drag in both terms). This yields:∬
𝑟𝜁𝑑𝐴 = 𝑟𝑐

∫
coast

®𝑢 · 𝑑®𝑠︸        ︷︷        ︸
coastal friction

+ 𝑟𝑜

∫
open

®𝑢 · 𝑑®𝑠

︸        ︷︷        ︸
open-boundary friction

, (5)
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where 𝑑®𝑠 is the unit vector in the counter-clockwise direction. To calculate the integral
∫

coast
®𝑢 ·𝑑®𝑠,

we identify the HYCOM grid cells where the surface layer extends to within 25m of the seabed,

including the tolerance factor of 25m to account for the model’s coarse vertical spacing at depths

greater than 100m. The locations chosen with this method do not vary significantly with time; due

to the relative stability of the coastal surface layer depth and steep continental slope, this method

approximates the shape of the coastline. We fit a cubic spline in space to these locations and

interpolate the filtered, surface layer averaged velocity from the HYCOM grid onto the spline-fit

locations. We then take the path integral of the along-path component of the interpolated velocity

field along the spline-fit locations.

We seek to determine the constants 𝑟𝑐 and 𝑟𝑜 using a linear fit, where the sum of the PV storage,

net PV flux, and negative wind stress curl terms in equation 3 is the response variable and the linear

friction term is the predictor, using the formulation in equation 5 (moving the wind stress curl to

the left hand side of equation 3). However, as the path integrals of velocity along the coast and the

open boundaries oscillate in phase (see section 3a), a unique solution for 𝑟𝑐 and 𝑟𝑜 is not possible

through linear fitting. Since we expect that the open boundary friction term in equation 5 will be

small relative to the coastal friction term, as in Yang and Price (2000) and Chang and Oey (2011),

we will approximate the average effects of open boundary friction as a constant, C, which allows

us to use a linear fit to approximate 𝑟𝑐. Mathematically, we assume that

C ≈ −𝑟𝑜
∫

open

®𝑢 · 𝑑®𝑠, (6)

where the overbar indicates the average of the line integral of velocity along the open boundary

over all eddy phases. This formulation assumes that interfacial friction is the only source or sink

of PV that contributes to the constant, C, and yields a single value of 𝑟𝑜, presented in section 3b.

An additional complication of this fitting method is that sources or sinks of vorticity that vary in

phase with the along-coast velocity, such as lateral drag, will be included within bottom drag in 𝑟𝑐
(see also section 3b). Combining equations 4-6 with equation 3, and moving the wind stress curl

term to the left hand side, we may therefore rewrite the control volume PV budget as
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∬
𝜕𝑄𝐻

𝜕𝑡
𝑑𝐴︸         ︷︷         ︸

storage

+
∫

E. bound.

𝑄𝐻𝑢𝑑𝑦︸             ︷︷             ︸
zonal flux

+
∫

N. bound.

𝑄𝐻𝑣𝑑𝑥︸             ︷︷             ︸
meridional flux

−
∬

1
𝜌𝐻

(𝜕𝜏𝑦
𝜕𝑥

− 𝜕𝜏𝑥
𝜕𝑦

)
𝑑𝐴︸                        ︷︷                        ︸

wind stress curl

= −𝑟𝑐
∫

coast

®𝑢 · 𝑑®𝑠︸          ︷︷          ︸
coastal friction

+C,

(7)

the form of the PV balance used in section 3.

d. Phase averaging

To assess the influence of Caribbean Current eddies on the western Caribbean Sea broadly, we

phase-average with respect to the eddies’ east-to-west propagation across the basin. To define

the eddy phase, we calculate the total meridional PV flux integrated along the 15.25◦N line of

latitude (shown in Figure 1 as a dashed white line), extending from 75.5 to 80.5◦W. This integrated

meridional PV flux is low-pass filtered (40 day window) to facilitate detection of longer period

eddy events. An eddy event begins when the integrated, filtered, meridional PV flux crosses from

below to above its mean value over the entire 22 year record (Figure 2, dashed black lines indicate

these up-crossings), 1.11 m2/s2. The event ends upon the next recurrence of this condition. This

method is similar to other oceanographic studies that make use of phase-averaging (Pawlak and

MacCready 2002; McCabe et al. 2006; Nidzieko and Monismith 2013; Arzeno et al. 2020; Harvey

et al. 2023). During the 22 year HYCOM record, we detect 66 eddies with an average period of

𝑇𝑒𝑑𝑑𝑦=116 days with a standard deviation of 31.5 days (roughly 3 eddies per year). Here, we define

eddy period as the duration of the eddy event detected. This is similar to previously reported values

of Caribbean Current eddy period using different methodology (Andrade and Barton 2000; Lin

et al. 2012; Jouanno et al. 2012), and notably similar to the resonant period of 120 days identified

by Hughes et al. (2016). We do not include eddy events with periods more than two standard

deviations away from the mean; this excludes two eddy events with durations longer than 190 days.

The minimum eddy period used in our subsequent work is 62.5 days. The maximum eddy period

used is 172.4 days.

Our results are not sensitive to the length of the line chosen for integration, and are only mildly

sensitive to whether the line is oriented zonally (as described) or meridionally. Varying the length

from∼ 10 to∼ 1000 km yielded similar numbers of eddies (within 15%) and similar eddy durations
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Fig. 2: A subsample (∼ 4 of the 22 years) of the time series of low-pass filtered meridional PV flux through the white line on Figure
1. The orange line shows the mean value of this PV flux, the dotted black lines show the boundaries of each eddy detection. The
grey area shows an eddy with a period of 198 days that was not included in the analysis.

(within 5%) to the results presented below. Additionally, using the integrated meridional PV flux

along a north-south line at 75.5◦W, extending from 13 to 17.5◦N, yields similar eddy statistics to

those presented above (78 eddies with an average period of 102 days for the same length line).

We calculate a phase-average of various quantities of interest, normalizing by the eddy duration,

so that shorter eddies and longer eddies have an equal effect on the phase-average. We perform

the phase-average in 5 degree bins, corresponding to approximately 1.5 days for the average eddy

period. We calculate the phase-average of properties such as east velocity, north velocity, sea surface

height (𝜂 or SSH), and surface layer depth, as well as the phase-average of calculations made with

those properties, such as advective PV fluxes, PV storage, wind stress curl, and integrated along-

coast velocity (section 2c, equation 7). Variability with phase of the phase-averaged quantities may

thus be interpreted as the effect of the passage of a Caribbean Current eddy through the northern

part of the Caribbean Sea. We examine the resulting phase-averaged PV balance in section 3b.

3. Eddy phase-average results

a. Phase-averaged structure of Caribbean Current eddies

Phase-averages of 𝑄, 𝜁 , 𝐻, and 𝜂 calculated using the method outlined in section 2d allow us

to characterize the passage of eddies in the Caribbean Current and the western Caribbean Sea’s

average response to those eddies (Figure 3). Supplemental video 1 shows the same information as

Figure 3 for finer (5◦) phase increments. Caribbean Current eddies have, on average, a negative

local vorticity (anti-cyclonic), larger 𝐻 than the surrounding surface layer, and a positive SSH. This

combination leads eddy phase-averaged PV to be positive as the Coriolis parameter tends to be of

equal or greater magnitude to the local vorticity (equation 1). The PV anomaly reflects patterns
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seen in the local vorticity where the Caribbean Current eddies have lower PV than the background

system PV (not shown). The superposition of the westward propagating eddy’s negative vorticity

and the Caribbean Current mean flow leads to stronger westward currents in the southern Caribbean

current, and weaker eastward currents in the northern Caribbean current.

Fig. 3: Evolution of a phase-averaged eddy. On all subplots, vectors show the surface layer averaged velocity field (0.5 m/s scale
arrow located at 76◦ W on panel c) and solid black lines show sea surface height contours in 0.1 m increments. Panels (a)-(c)
show the eddy at 0◦ phase, (d)-(f) show the eddy at 90◦ phase, (g)-(i) show the eddy at 180◦ phase, (j)-(l) show the eddy at 270◦
phase. The left column shows local vorticity in color (anti-cyclonic in green, cyclonic in red); the middle column shows surface
layer depth in color (lighter is shallower, darker is deeper); the right column shows vorticity (purple is greater). Over the Central
American Rise the depth (middle column) reaches a maximum of only 100m and as a result the PV (right column) is particularly
high there. Note that PV is always positive due to the importance of planetary vorticity. supplemental video 1 shows an animation
of this figure.
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The evolution of an average Caribbean Current eddy is visible in Figure 3 in the northern part

of the domain. At 0◦ phase, a negative 𝜁 , deep surface layer, positive SSH signal is visible in

two locations in the northwestern Caribbean Sea (Figure 3a-c), one near 80◦ W and one near 74◦

W. The phase-average is with respect to the eddy at 74◦ W; the other location is a remnant eddy,

the previous one to pass through the domain. By 90◦ phase (Figure 3d-f), the remnant eddy has

dissipated or been advected into the Cayman Basin (to the northwest of the domain shown in Figure

3), while the eastern eddy has propagated to the west. This propagation continues through 180◦

phase (Figure 3g-i), when the strong westward currents in the south part of the eddy begin to make

contact with the Central American Rise. The flow splits around the Rise’s shallow topography (see

80 to 82 ◦𝑊 , 12 to 15 ◦𝑁), and this flow branching intensifies as the eddy continues to propagate

west through 180◦ phase (Figure 3g-i) and maintains strength through 270◦ phase (Figure 3j-l,

supplemental video 1). This branching of flow around the Central American Rise appears to cause

PV fluxes into the PCG region (Figure 4a), altering the gyre’s structure and the region’s coastal

currents. A mechanistic description of the flow branching process is beyond the scope of this work,

but the process has been described using different methodology in Andrade and Barton (2000) and

Hughes et al. (2016), and is clearly visible in Figure 3 and supplemental videos 1 & 2. The PV flux

associated with the flow branching process is the negative PV flux along the western side of the

control volume’s northern boundary (Figure 4a), which intensifies between 180◦ and 270◦ phase.

Near the end of the phase-averaging period, the next eddy enters the domain from the east.

The Panamá-Colombia Gyre has, on average, positive local vorticity (cyclonic), a shallow surface

layer depth, and negative SSH, leading to strongly positive PV due to the additional influence of

the planetary component (equation 1). The gyre is a stationary feature that changes structure as

Caribbean Current eddies propagate to its north. Generally, the gyre’s southern, eastward branch

(the CCC) is stronger and longer in extent than its northern, westward branch, as the northern

branch shrinks around 90 ◦ phase (Figure 3 third column, Andrade et al. (2003); Correa-Ramirez

et al. (2020); Orfila et al. (2021)). In the parlance of the gyre modes introduced in section 1, this

is a transition from mode (A) to mode (B).

The gyre’s evolution in response to the variability in PV fluxes over the course of a Caribbean

Current eddy period is apparent in Figure 3 in the southern part of the domain. At 0◦ phase (Figure

3a-c), the gyre appears as a region of positive local vorticity and shallower surface layer depth
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Fig. 4: Phase-averaged PV fluxes and currents into and within the PCG region. Panel (a) shows the phase-averaged meridional
PV flux through the northern boundary shown in (b) and Figure 1. Small PV fluxes through this boundary west of 82.75 ◦W (the
dashed portion of the northern control volume boundary in panel b) over the Central American Rise are not shown. Panel (b) shows
a map of the southwest Caribbean Sea, with colored contours at 1000m intervals and black contours at 500 m and 1000m. The
orange lines shown are the same as on Figure 1 and show the open control volume boundaries used to calculate the PV balance in
equation 7 in sections 2c and 3b. The dashed portion of the northern boundary indicates the section over the Central American
Rise. The gold line shows the representative location of the transect along which alongshore velocity is shown in panel (c); the
gold diamonds indicate the locations of the currents shown in Figure 5 offshore of Bocas (westward most diamond) and offshore of
Colon (eastward most diamond). Panel (c) shows the major axis component of phase-averaged surface layer currents between the
1800 and 2200m isobaths, calculated using a principal axis rotation (Emery and Thomson 1998). Along-track distance is measured
along the gold line in panel b, starting from the west and progressing eastward. Panel (d) shows the phase-averaged zonal PV flux
through the eastern boundary shown in (b) and Figure 1. All calculated values of PV are positive, so the sign of the flux on panels
(a) and (d) is solely determined by the sign of the velocity.

off of the northern coast of Panamá, with the gyre’s eastward velocities causing a positive PV

flux through most of the eastern CV boundary (Figure 4d). In the Darien Gulf, there is a region

of negative (anti-cyclonic) local vorticity that extends westward north of the Isthmus of Panamá,

joining with the coastal boundary layer. This feature propagates north-westward, and by 90◦ phase

is located just north of Colón at the Isthmus of Panamá (Figure 3d-f), having split the gyre into

two regions of positive vorticity separated by a region of negative local vorticity (gyre mode D

in 1). This region of negative local vorticity is associated with a northward PV flux across the

northern CV boundary and a westward PV flux across the eastern CV boundary (Figure 4a,d). As
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the Caribbean Current eddy to the north begins to make contact with the Central American Rise

at 180◦ phase (Figure 3g-i), the region of positive vorticity has joined again (gyre mode A in 1),

and its strength increases between 180 and 270◦ phase (Figure 3j-l) as the region of PV fluxes into

the northern and out of the eastern boundaries grows (Figure 4a,d). At this point, the region of

negative vorticity in the Darien Gulf has begun to re-form, and the cycle starts anew.

Supplemental video 2 shows the daily surface layer average vorticity, velocity vectors, and sea

surface height contours over the entire 22 year HYCOM run. While there are differences between

the eddy-averaged picture presented above at any point in the time series shown in supplemental

video 2, the dynamics of the eddy average are clearly visible for most eddy passage events,

including the deflection of the Caribbean Current to the south, the associated increase in energy of

the Panamá-Colombia Gyre, and the related flow separation at the Isthmus of Panamá and spinup

of the Darien Gulf vortex.

The Caribbean Coastal Countercurrent strength, therefore, also varies with eddy phase. Along-

shore currents along the gold line on Figure 4b (close to the 2000m isobath) are shown on Figure 4c.

For this descriptive analysis only, the alongshore component of the surface layer average velocity

was estimated as the major axis component of phase-averaged surface layer currents between the

1800 and 2200m isobaths, calculated using a principal axis rotation (Emery and Thomson 1998).

The fastest currents at all longitudes occur near 270◦ phase. Similarly, the minimum value occurs

near 100◦ phase. The range between minimum and maximum is not constant with longitude,

but increases monotonically from 0.13 m/s to 0.44 m/s along the line eastward. This analysis

demonstrates that Caribbean Current eddies can modify coastal currents hundreds of kilometers

away—changing their magnitude by 50%. (Figure 4b). This is also seen in the alongshore currents

at Bocas and Colon shown on Figure 5a. We show in the next section that this coastal current

variability is related to the eddy phase-averaged absolute PV balance.

b. Eddy vorticity balance

We evaluate the phase-averaged PV balance described in sections 2c-d and equation 7 over the

control volume (CV) region enclosed by the orange lines in Figures 1 and 4b. We remind the reader

that the effect of the phase-average is to characterize the signal related to the passage of an average

Caribbean Current eddy across the northern part of the basin. Variability in the phase-averaged PV
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budget terms is therefore due primarily to Caribbean Current eddy influence. The PV fluxes at the

boundary of this region consist of meridional PV transport through the northern boundary, located

at 12 ◦N, and zonal PV transport at the eastern boundary, located at -79.5◦W. The cross-sectionally

integrated meridional fluxes through the northern CV boundary are always negative, as positive

PV is advected southward into the PCG region. Similarly, the cross-sectionally integrated zonal

fluxes through the eastern CV boundary are always positive, as positive PV is advected eastward

out of the PCG region. The wind stress curl influence on the PV balance is integrated over the area

defined by the coastline and the offshore boundaries marked in orange on Figure 1 and 4b, and the

PV storage term is taken over the surface layer depth (𝐻) and the same area. This storage term is

near zero and not shown on Figure 5b for clarity. Phase-averaged meridional and zonal PV fluxes,

wind stress curl, and residual PV flux are shown over the eddy phase cycle on Figure 5b.

Cross-sectionally integrated meridional eddy phase-averaged PV fluxes into the PCG region

(blue line on Figure 5b) vary in magnitude, from -0.08 m2/s2 at their weakest (110 ◦ phase) to -1.1

m2/s2 at their strongest (305 ◦ phase). The minimum flux magnitude occurs after the eddy has

dissipated or has moved into the Cayman basin (Figure 3b & d), and the maximum flux magnitude

occurs when the eddy impacts the Central American Rise. The interaction of Caribbean Current

eddies with the Central American Rise outlined in section 3a appears to influence these meridional

fluxes, as is also supported by the findings of Andrade and Barton (2000) and Hughes et al. (2016).

This process is visible in supplemental videos 1, 2, & 3.

We observe similar variability in the cross-sectional integrated zonal PV fluxes (orange line on

Figure 5b), which approach zero at their weakest (115 ◦ phase) and 0.73 m2/s2 at their strongest

(310 ◦ phase). Zonal PV fluxes through the eastern boundary are therefore nearly in phase with

meridional PV fluxes through the northern boundary, although their magnitude is smaller. We

again note that PV storage in the PCG region is small, so this imbalance must indicate an input of

negative PV or a loss of PV in the region.

The PV flux due to the wind stress curl (purple line on Figure 5b) integrated over the region’s

surface is uncorrelated with the eddy cycle and is therefore an effectively constant PV source over

the average eddy period. Variability in wind stress over the PCG region is thus not a primary

driver of oscillations over the eddy cycles (𝑇𝑒𝑑𝑑𝑦 = 116 days, section d); however, larger scale winds
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Fig. 5: Plots of phase-averaged currents and PV balance terms with respect to eddy phase. Shaded regions represent the 95%
confidence interval on all panels. Panel (a) shows the alongshore components of phase-averaged velocity at Bocas del Toro and
Colón, the western and eastern gold diamonds shown on Figure 4b, respectively. Panel (b) shows the phase-averaged PV balance
terms from equation 7 with respect to phase; the green line is the sum of the terms on the left hand side of equation 7. Panel (c)
shows the portion of this residual that can be explained by drag calculated as described in sections 2c and 3b in yellow; the near-zero
remaining, unexplained portion is shown in dark grey.

may play a role in generating Caribbean Current eddies through baroclinic instability processes

(Andrade and Barton 2000; Jouanno et al. 2008; Orfila et al. 2021).

We calculate a residual PV flux (green line on Figure 5b) by summing the PV storage, PV flux,

and wind stress curl terms on the left hand side of equation 7 (noting again that PV storage is
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near zero). This residual PV flux is always negative, indicating that the terms included on the left

hand side of equation 7 do not sum to zero in the PCG region. The residual’s magnitude increases

between 105◦ and 220◦ phase, changing from -0.35 m2/s2 to -0.82 m2/s2. This variability is in

phase with both the PV fluxes and the currents shown in Figure 5a. This net negative residual PV

flux indicates that an PV sink is required in the region to close the PV balance. The residual PV

flux is larger when the currents in the region are larger, indicating that friction is likely important

to this process.

Following the linear model of drag introduced in section 2c, we assume that the residual PV

flux is largely due to friction, and we can correspondingly calculate the linear drag coefficient

𝑟𝑐 = 8.77± 0.97× 10−5 s−1 (the results of this fit are shown on Figure 6). The fit is significant

(𝑝 < 0.0001 for 𝑟𝑐) and explains much of the variance observed in the residual of the PV budget

discussed above (𝑅2 = 0.82). The linear drag coefficient obtained from equation 7 is in line with

literature values, which range from 10−6 < 𝑟𝑐 < 10−4 s−1 (Yang and Price 2000; Chang and Oey

2011). While we will use this interpretation of the residual as being driven by drag throughout the

rest of this work, we note here that the residual also includes error introduced by the assumptions

made in our control volume, phase-averaged approach and unresolved physical mechanisms.

The y-intercept of the linear model of drag (C = 0.17±0.09 m2/s2, 𝑝 = 0.00013) can be related

to the average effect of interfacial friction at the base of the surface layer along the domain’s open

boundaries as outlined in section 2c, using the along-path component of the velocity along the

cubic-spline fit path shown on figure 1. Using equation 6, we calculate 0 < 𝑟𝑜 < 4.9× 10−6 s−1,

propagating uncertainty in both C and the integrated open boundary velocity (𝑢𝑜𝑝𝑒𝑛 = 0.15±0.02

m/s, 95% confidence interval given, integrated over 589 km). This range includes the possibility

that interfacial drag is not important, a common assumption in potential vorticity balances (Rhines

1986). On the upper end of the range of 𝑟𝑜, its value is still ∼ 20 times smaller than the value of 𝑟𝑐,

the value calculated above for coastal friction. We note that 𝑟𝑐 is of the right order of magnitude

given the HYCOM quadratic bottom drag coefficient (𝐶𝐷 = 5× 10−3), the water depth along the

coastal boundary, and the coastal velocities. As outlined in section 2c, we expect that 𝑟𝑐 is slightly

elevated due to the influence of horizontal turbulent transport, which like bottom drag will vary in

phase with the along-coast velocity. We will therefore interpret these results as the total impact of

drag (vertical and horizontal) related to the in-phase variability of the along-coast velocity.
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gyre, Caribbean Current eddies, and the Darien Gulf vortex, referred to exclusively as “gyre”,

“eddy” or “eddies”, and “vortex”, respectively.

The strongest east-west PV fluxes observed during an average year over the 78◦W meridian

(approximately in the center of the basin) occur between July and the end of September (Figure

7a). In this analysis of fluxes in the northern part of the basin, we choose the 78◦W meridian due

to its position west of the Central American Rise and the sills that separate the Colombian and

Cayman basins of the Caribbean Sea. The time period between July and August includes both the

annual maximum eastward PV flux at 78◦W (in red on Figure 7a) around 10-12◦N and the annual

maximum westward PV flux (in blue on Figure 7a) around 12-14◦N. The region of eastward flux

associated with the Caribbean Coastal Countercurrent at the south end of the basin is persistent

throughout the year, but separates from the coast during this time period. Similarly, the latitude

of maximum westward flux (noted by the white points on Figure 7a) deflects to the south between

June and August. Supplemental video 3 shows the seasonal climatology of daily surface layer

average vorticity, surface layer depth, and potential vorticity overlain with velocity vectors, and sea

surface height contours for the entire western Caribbean Sea region.

Intense eastward and westward Caribbean Current PV fluxes from July to September occur

simultaneously with an increase in the spatially integrated north-south and east-west PV fluxes into

the gyre region (Figure 7b, blue and orange lines). While the wind stress curl increases slightly

during this time (Figure 7b, purple line), its contribution to the gyre PV budget remains small.

We calculate drag for the annual PV budget using the linear formulation laid out in section 2c,

as implemented in 3b, assuming zero PV storage. This calculation yields the drag coefficient

𝑟𝑐 = 8.66±0.5×10−5 s−1 and the fitting constant C = 0.36±0.04 m2/s2. This value of 𝑟𝑐 is nearly

identical to that calculated with the phase-averaged PV budget, while the fitting constant 𝑡C has

changed. The higher value of C likely indicates that the processes unresolved by the PV budget

are somewhat different on yearly and eddy time scales. The fit results in an approximately closed

budget (the residual is shown as the grey line on Figure 7b). The correlation of the drag (Figure

7b, yellow line) with the advective PV fluxes is consistent with the frictional balance detailed in

section 3b. The eddy phase-averaged PV budget in the gyre region presented in section 3b may be

conceptualized as a higher frequency perturbation driven by Caribbean Current eddies (𝑇𝑒𝑑𝑑𝑦 = 116

days, ∼ 3 eddies per year) about the background seasonal climatology shown in Figure 7b, with
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Fig. 7: Average annual values of alongshore currents, PV fluxes and balance terms, and eddy properties. Panel (a) shows the
average east-west PV flux for each day of the year in color for a range of latitudes at 78◦W, near the center of the dashed white line
on Figure 1. Blue indicates westward PV flux, the latitude of the strongest westward PV flux is shown by a white dot for each day of
the year. Panel (b) shows the same PV budget terms as Figure 5b averaged for each day of the year, with a shaded 95% confidence
interval. Mean eddy event values of these same PV budget terms, bin averaged in three month windows as described in section 4,
are shown as markers with 95% confidence interval error bars. The time assigned to each eddy event is the time when half of the
event’s total PV flux has passed through the northern boundary of the control volume shown in Figures 1 and 4b. Panel (c) shows
the average alongshore current for each day of the year at Bocas (cyan) and Colón (burgundy) in solid lines, taken at the locations
near the 2000m isobath shown in Figure 5b. The 95% confidence interval of the alongshore current for each location on each day is
shown as the shaded area around each line, while the dashed lines indicates one standard deviation from the seasonal climatology
on a given day. A positive current indicates roughly eastward flow, corresponding to cyclonic flow in the PCG. Markers show the
average range in the alongshore currents during Caribbean Current eddy events at Bocas (cyan) and Colón (burgundy) for the three
month bins; error bars on these markers indicate the 95% confidence interval. Panel (d) shows the probability of a velocity reversal
(negative current on panel c) on a given day of the year calculated as described in section 4
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the same balance of advective PV flux and friction explaining variability on each time scale. The

average eddy PV flux oscillation amplitude presented in section 3b is roughly half as large in

amplitude as the background seasonal oscillation in terms of advective PV flux (Figure 5b). We

note that care must be taken in interpreting results in this manner, as the eddy phase-average is

calculated with respect to phase, rather than time.

The coastal currents at Colón and Bocas del Toro are generally consistent with the cyclonic flow

of the PCG (approximately eastward). During the intensification of the coastal currents near Bocas

del Toro, the main trunk of the Caribbean Current is at its most intense and furthest south. Between

the months of January and August, the coastal currents along the northern coast of Panamá at

Bocas del Toro and Colón (using the same locations shown on Figure 4b) have similar velocity

magnitudes, both increasing in August (Figure 7a). At this point, the mean current at Colón

decreases in magnitude sharply compared to Bocas, similar to the structure of these currents at

90◦ eddy phase (Figure 5a), when local vorticity in the Darien Gulf is negative as an anti-cyclonic

vortex propagates northwestward (section 3a). The current at Colón recovers to a similar magnitude

to Bocas by November.

To assess whether the seasonal variability in Caribbean Current eddy dynamics influences the

yearly mean PV balance, we will examine the PV balance outlined in sections 2c and 3b for each

Caribbean Current eddy detected, and seasonally average the results. We subsequently refer to

the detection of a Caribbean Current eddy in the northern part of the basin as an “eddy event”.

Each eddy event is first assigned a characteristic time stamp, defined as the time for a given eddy

event at which the cumulative north-south PV flux into the gyre region control volume (shown on

Figures 1 and 4b) has reached half of its total for that eddy event. For each eddy event, we calculate

the mean north-south (east-west) PV flux through the northern (eastern) boundary of the control

volume, the mean wind-driven PV flux, the sum of these mean PV budget terms, and the range in

the alongshore coastal current near Bocas del Toro and Colón at the points shown on Figure 4b.

The eddy events are then separated into three-month bins: 14 eddy events occur between January

and March, 13 between April and June, 23 between July and September, and 16 between October

and December. The mean of the quantities outlined above in these bins are shown as markers with

95% confidence interval error bars on Figure 7b and c. These calculations yield bulk properties

that are taken in a time-mean sense, rather than a phase-mean sense.
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The larger number of eddy events identified in the summer months suggests that conditions are

more favorable for eddies to form, or that the eddy event duration is shorter, between July and

September. A 𝜒2 test does not find the larger number of eddies in July-September to be significant

(𝜒2 = 3.697, 𝜒2
𝛼=0.05,𝑑𝑓=3 = 7.815, 𝑝 = 0.296); however, the sample size is somewhat small (66

eddies). Further study, and a longer time series, is required for any conclusions about seasonal

aliasing in the seasonal climatology PV balance due to preferential eddy formation to be drawn.

Therefore, we do not consider seasonal aliasing in eddy formation or eddy event duration in the

subsequent analysis.

There are seasonal patterns in the variability of coastal currents in the southwest Caribbean

Sea. These patterns of variability include reversals in the coastal current, when flow is directed

opposite to the normal anti-cyclonic rotation of the PCG (Figure 7c, d). This seasonal variability is

consistent with a modest observed increase in the range of alongshore currents during Caribbean

Current eddy events from January to July. The frequency of reversals at Bocas del Toro and Colón

also varies with the annual cycle (Figure 7d). The reversal frequency is calculated using the normal

distribution defined by the mean and standard deviation of the alongshore current for that day as

shown in figure 7c. Coastal current variability is slightly larger throughout most of the year at

Colón than at Bocas, with more frequent flow reversals, especially in the last half of the year.

We note the proximity of the Colón site (Figure 4b) to Darien Gulf. The formation and strength

of the Darien Gulf anti-cyclonic vortex described in section 3a and shown on Figure 3a & d (as

well as all supplemental videos) may play a role in altering the range of the currents at the eastern

edge of the control volume. Stronger alongshore currents may lead more intense vortices to be

shed off the isthmus of Panamá, changing the range of currents at Colón. Future work should seek

to understand the dynamics that govern the formation and separation of this Darien Gulf vortex.

As shown above for the seasonal climatology values, an increase in mean southward eddy event

PV flux into the control volume during the summer months (Figure 7c, blue markers) occurs

simultaneously with a corresponding increase in the magnitude of mean eastward eddy event PV

flux out of the control volume (Figure 7c, orange markers). The mean eddy event wind PV input

does not vary much over the course of the year (Figure 7c, purple markers). This results in a ∼ 30%

increase of mean eddy event drag loss of PV in the summer months (Figure 7c, yellow markers).
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Therefore, increases in westward Caribbean Current PV flux between July and September are

associated with larger magnitude eddy event PV fluxes in the PCG region.

The increase in mean eddy event PV flux as the westward PV flux in the Caribbean current

increases and moves south from July-September indicates that Caribbean Current eddies can

effectively transport Caribbean Current eddy PV southward. Therefore, the energy state of the

Caribbean Current may in part determine the mean PV advected south by the eddies (Figure 7b).

The heightened PV fluxes during the summer months are associated with a modest increase in the

mean range of alongshore coastal currents during eddy events. Importantly, the average values of

PV flux vary similarly over one eddy period (Figures 5b and 7d) and one year (Figure 7c). This

implies that eddy dynamics have the potential to alter dynamics by a similar amount to seasonal

variability over a time scale that is one-third as long (𝑇𝑒𝑑𝑑𝑦 ≈ 116 days).

As mean coastal current range over eddy events varies only modestly with the mean PV flux over

the seasonal cycle, eddies that occur when the system is in a lower energy state (November to June)

may have a larger relative effect on the alongshore currents. The mean range of currents during

eddy events at Bocas (Figure 7c) is strong enough to reverse the direction of the alongshore current

(Figure 7a) with some frequency during times outside the summer intensification period, especially

in the months of April-June (Figure 7d). At Colón, the mean range of currents during eddy events

is strong enough to reverse the flow direction throughout most of the year, with a minimum reversal

probability occurring with the peak of alongshore flow in August (Figure 7d). The seasonality of

these reversals may have important impacts for local dynamics and coastal ecosystems, and future

work should investigate the specific physical mechanisms that link Caribbean Current eddies to

coastal current reversals on the southern edge of the southwest Caribbean Sea.

5. Summary

Using 22 years of HYCOM output, we show that eddies advected by the Caribbean Current along

the Caribbean Sea’s northern boundary influence the coastal currents along the Caribbean basin’s

southwest coast. PV fluxes into the Panamá-Colombia Gyre region occur as these eddies interact

with the Central American Rise. The increase in PV fluxes is balanced by an increase in drag

(with a linear drag coefficient of 𝑟𝑐 = 8.77±0.97×10−5 s−1), with a corresponding increase in local

alongshore currents. Alongshore currents near Bocas del Toro and Colón vary by 0.15 and 0.5
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m/s respectively over the course of an average eddy passage. The strong coastal currents at Colon

precede the formation of an anticyclonic vortex in the Darien Gulf that is shed and propagates back

into the gyre region as the PV flux weakens, with a coincident decrease in coastal current velocities

until the next eddy passage event.

The local coastal currents are more intensely eastward between July and October at Bocas del

Toro, suggesting that eddy-driven current reversals at Bocas mostly occur between December

and July. At Colón, however, eastward velocities are weakest between August and October, and

therefore eddy activity during this time can preferentially lead to alongshore current reversals near

the Isthmus of Panamá. Coastal currents in the southwest Caribbean feed the upwelling system

offshore of La Guajira peninsula (Correa-Ramirez et al. 2020; Orfila et al. 2021), suggesting that

eddy influence may be important for understanding variability in that system. These findings reveal

pathways for connectivity between the Caribbean Current eddy field and coastal currents in the

southwest Caribbean Sea.
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